Introduction {#sec1}
============

Two-dimensional (2D) van der Waals materials, including graphene and transition-metal dichalcogenides (TMDCs) such as MoS~2~ or black phosphorus, have planar crystalline structures held together by strong in-plane interactions and weak van der Waals out-of-plane interactions. They can be metallic like graphene,^[@ref1],[@ref2]^ semiconducting like MoS~2~ or black phosphorus,^[@ref3]−[@ref12]^ or insulating like boron nitride.^[@ref13]^ They have no dangling bonds on their surface.

These semiconducting TMDCs can exhibit an indirect-to-direct band gap transition, which is possible via dimensional reduction. A semiconductor with a direct band gap can absorb photons without being disturbed by phonons and can thus exhibit excellent photoluminescence. Tuning of the band gap via strain,^[@ref14]−[@ref17]^ changing the number of 2D sheets,^[@ref18]−[@ref21]^ application of electric fields, or interactions with other compounds^[@ref9],[@ref15],[@ref17],[@ref22]^ can introduce indirect-to-direct band gap transitions in various 2D TMDCs. Materials for which the energy difference between the direct and indirect band gaps is less than the thermal energy of room temperature can be considered "nearly direct band gap" materials, which can also exhibit strong light absorption.^[@ref23],[@ref24]^

Conventional materials (i.e., not van der Waals 2D materials) have dangling bonds on 2D surfaces that act as scattering centers when charge carriers move, and this disturbs their mobilities.^[@ref25]^ Likewise, van der Waals 2D materials have dangling bonds on their edges. By reducing the dimensionality to a one-dimensional (1D) structure, the edge defects in van der Waals materials can be removed, resulting in fewer defect structures. 1D van der Waals materials have chain crystalline structures with strong intrachain chemical bonds, and these chains are stacked via weak van der Waals interchain interactions in their bulk crystals. These materials show unusual physical phenomena, including superconductor--insulator transitions,^[@ref26],[@ref27]^ charge density waves,^[@ref26],[@ref28]^ topological insulating properties,^[@ref29],[@ref30]^ electron field emissions,^[@ref31]^ ultralong ballistic phonon transfer,^[@ref32]^ and molecular-scale conductivity.^[@ref33]^ They can be used to induce the thermoelectric effect^[@ref30],[@ref34],[@ref35]^ and in field-effect transistors due to their high charge carrier mobilities.^[@ref36]^ Other applications include photodetectors,^[@ref37]^ magnesium batteries,^[@ref38]^ solar cells,^[@ref39],[@ref40]^ and water splitting.^[@ref41]^

Practically, many 1D van der Waals materials are quasi-1D materials, with interchain interactions other than van der Waals interactions, including transition-metal trichalcogenides (TiS~3~, TaSe~3~, ZrSe~3~, NbSe~3~, etc.),^[@ref42]−[@ref50]^ bismuth-rich iodides Bi~*x*~I~4~ (*x* = 4, 14, 16, 18), Nb~2~PdS~5~, Ta~2~Pd~3~X~8~ (X = S, Se), Sb~2~Se~3~, and CsBi~4~Te~6~. True 1D materials with purely van der Waals interchain interactions are rare, but more effectively address the dangling bond problem. These materials include hexagonal tellurium, Mo~3~S~*x*~I~9--*x*~, and VS~4~. Novel true 1D van der Waals materials, Nb~2~Se~9~ and V~2~Se~9~,^[@ref51]−[@ref56]^ have been synthesized and exfoliated to create nanowires, nanoribbons, and molecular chains by mechanical and liquid exfoliations.^[@ref57],[@ref58]^ Band structure calculations performed using density functional theory (DFT) have revealed that bundles of 1D Nb~2~Se~9~ and V~2~Se~9~ chains have direct band gaps, while bulk Nb~2~Se~9~ and V~2~Se~9~ crystals have indirect band gaps.^[@ref59],[@ref60]^ True 1D van der Waals materials can form a highly anisotropic 2D plane, which has the chemical bond along 1D chains and van der Waals interactions across the chains. The resulting 2D sheets have no dangling bonds on their edges. Thus, a 2D sheet consisting of a true 1D van der Waals material can be used to make transistor devices with small scales that are free from the dangling bond problem. Additionally, in the case of a 2D layer of tellurium that is composed of 1D nanochains, the noncovalent interaction between chains can affect the characteristics of the 2D layer. This makes the charge carrier mobility and optical absorption along the noncovalent bonded direction (cross-chain) stronger than those along the covalent bonded direction.^[@ref24]^ Recently, 2D sheets of Nb~2~Se~9~ consisting of aligned 1D chains have been successfully prepared by mechanical exfoliation,^[@ref61],[@ref62]^ thus adding another class of 2D materials, that is, dangling bond-free 2D materials, to the currently existing 2D materials.

To determine the capabilities of these dangling bond-free highly anisotropic 2D materials, we calculated the band structures of 2D Nb~2~Se~9~ sheets. Three 2D sheets with distinct band structures were composed from the bulk structures. We observed that two 2D sheets had nearly direct band gaps of 1.18 and 1.17 eV, which could be activated by thermal energy at room temperature, and one 2D sheet had an indirect band gap of 0.84 eV. Charge density analysis showed that the interchain interactions between selenium atoms determined the energy of the band gap of 2D Nb~2~Se~9~; thus, (010) plane with interchain bonding had the lowest band gap energy. We varied the interchain distances to investigate the effect of interchain strain on the three 2D sheets and found appropriate extensions of the interchain distances to create direct band gaps in the 2D sheets. Having the nearly direct band gap of Nb~2~Se~9~ sheets could be applied to optoelectronic devices, and the response of these sheets to strain could be useful in their application as mechanical sensors.

Results and Discussion {#sec2}
======================

Atomic Structures {#sec2.1}
-----------------

The initial structure of Nb~2~Se~9~ was taken from the Material Database.^[@ref63]^ The unit cell has four niobium cations and 18 selenium anions, forming a chain structure. This chain structure is located on the diagonal of the cell in the reference. We selected the \[100\], \[010\], and \[111\] direction vectors in the reference cell as the new lattice vectors and set the length of the chain to be parallel to the \[001\] direction in the rotated cell.

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the 2D planes formed by arranging 1D Nb~2~Se~9~ chains. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a shows bulk Nb~2~Se~9~ from three different directions along the length of the chain. Because of the hexagonal stacking of the chain, there are three different planes, (010), (100), and (1̅10), made by repeating the single chain unit along \[100\], \[010\], and \[110\], respectively.

![Structures of three 2D Nb~2~Se~9~ sheets. (a) Three planes defining 2D arrangements of the chains in bulk. Red is the (010), blue is (100), and green is (1̅10) plane. The three arrows represent the directions of the lattice vectors *a*, *b*, and *c*, and (b--d) are the optimized structures of the (010), (100), and (1̅10) planes, respectively. Interchain distances are represented by the double chains below each plane.](ao0c00388_0001){#fig1}

The lengths of the optimized cell lattice of the (010) plane are *a* = 8.16, *b* = 23.7, and *c* = 13.0 Å, with vacuum space 15 Å in the lattice vector a. Those of the (100) plane are *a* = 27.7, *b* = 8.36, and *c* = 13.0 Å, with vacuum space 20 Å in the lattice vector a. Those of the (1̅10) plane are *a* = 11.3 Å, *b* = 29.3 Å, and *c* = 13.0 Å, with vacuum space 20 Å in the lattice vector *b*. In the optimized 2D planes, the interchain distance was 6.85 Å in the (010) plane and 7.17 Å in the (100) and (1̅10) planes ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). This implied that the interactions between the chains along \[100\] were the strongest, and it showed that the (010) plane has the minimum band gap. In the bulk, the interchain distances were 6.81, 7.15, and 7.30 Å in the (010), (100), and (1̅10) plane, respectively. The interchain distances in the 2D sheets and bulk were very similar in the (010) and (100) planes. On the other hand, the interchain distance in the (1̅10) 2D plane was smaller than that of the bulk. From the optimization, the (010) plane is most stable, and the other planes have 0.21 eV higher energy than the (010) plane. We confirmed the stability of the planes with their phonon band structures ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00388/suppl_file/ao0c00388_si_001.pdf)).

Band Structures {#sec2.2}
---------------

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the band structures of the bulk, three 2D Nb~2~Se~9~ samples, and single chain of Nb~2~Se~9~. All of the 2D structures have indirect band gaps. The (010) plane has the smallest band gap, and the (1̅10) plane has the largest band gap. The indirect band gap of the (010) plane (0.84 eV) is significantly smaller than its direct band gap (0.90 eV). However, the indirect band gaps of 1.16 eV for the (100) and (1̅10) planes are close to their direct band gaps (1.18 and 1.17 eV, respectively). The differences between the indirect and direct band gaps in these planes are approximately 0.01 eV, which is approximately three times smaller than the thermal energy at room temperature. Thus, the direct band gaps of these two planes can be activated by thermal energy at room temperature. The band gap of the (010) plane (0.84 eV) is close to the band gap of the bulk structure (0.63 eV). The band gaps of the other planes are similar to the band gap of a single-chain structure (1.23 eV).

![Band structures of bulk, single-chain, and 2D sheets of Nb~2~Se~9~. Here, (a) is bulk, (b) is the (010), (c) is the (100), (d) is the (1̅10) plane, and (e) is a single-chain molecule. The arrows show the position of direct and indirect band gaps, and the numbers beside the arrows indicate the energies of the band gaps (in eV). (I) and (D) indicate the indirect and direct band gaps, respectively. The zero energies are set to the maximum energies of the VBs.](ao0c00388_0002){#fig2}

As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, the three band structures of the 2D sheets have many peaks and valleys, but the band structure of a single chain shows almost flat lines. However, these peaks and valleys of the 2D sheets have different properties compared to those of the band structures of the bulk. Interestingly, these results show that the structure with a similar band gap has similar band shapes. The valence band (VB) of the bulk has a global maximum at point *X* in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} with large differences between the other local maxima. On the other hand, the VBs of 2D Nb~2~Se~9~ sheets have many local maxima with similar energies. In the (010) plane, all of the local maxima of the VB are global maxima, and the momentum of the global minimum of the conduction band (CB) is different from the momentum of the global maxima of the VB. The depth of the valley of the global minimum of the CB is significant. Thus, the (010) plane has a distinct indirect band gap. In the (100) and (1̅10) planes, the local maxima of the VB have differences of ∼0.01 eV. The VB energy at the wave vector where the CB energy is the global minimum is not the global maximum, but instead a local maximum. Therefore, these planes have nearly direct band gaps.

The three 2D Nb~2~Se~9~ sheets have different interchain distances and orientations. To determine the reason behind the appearance of distinct band structures in these planes, we changed the interchain distances of the (100) and (1̅10) planes to the interchain distance of the (010) plane. [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00388/suppl_file/ao0c00388_si_001.pdf) shows the band structures of these 2D sheets when optimized with a fixed lattice cell to achieve the same interchain distance as that of the (010) plane. The band gaps of the (100) and (1̅10) planes decrease slightly because the interchain distance decreases. However, the band gaps of those two planes are still significantly different from the band gap of the (010) plane. The shapes of the band structures of the (100) and (1̅10) planes are almost the same as the band structures with the original interchain distance. This implies that the orientation of the chains has more influence on the band structures of 2D Nb~2~Se~9~ sheets than the interchain distance.

Orbital Analysis {#sec2.3}
----------------

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the partial density of states (PDOS) of the 2D Nb~2~Se~9~ sheets. The contribution of the d orbitals of niobium is dominant near the edge of the VB maximum (VBM) region; however, in the CB minimum (CBM) region, the contribution of the p orbitals of selenium is dominant as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. These results are same as our previous work for bulk and single-chain of Nb~2~Se~9~.^[@ref59]^ The PDOS of the (010) plane is different from the other planes. The peaks of Se p orbital at 0--2 eV and the peaks of Nb d orbital at 2--4 eV in the (010) plane have similar height respectively, but the peaks are inclined to lower energy in the other planes. This implies that the electronic characteristics of (010) plane is distinct from the other two planes. [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00388/suppl_file/ao0c00388_si_001.pdf) shows the contributions of the VB and CB energies at point *X* and the point (0.242, 0, 0) in reciprocal space (called *T*) relative to the minimum energy on the CB. The CB energy is primarily affected by the selenium p orbitals, and the VB energy is primarily affected by the niobium d orbitals. We analyzed the CB energy at points *X* and *T* according to the types of orbitals. At point *X*, the p~*y*~ and p~*z*~ orbitals were dominant. However, the p~*x*~ orbitals were dominant at point *T*. The p~*x*~ orbitals were located across the chain; thus, these orbitals were sensitive to the interchain interactions in the (010) plane. The other p orbitals were relatively unaffected by these interactions. The difference in band structures between the 2D Nb~2~Se~9~ sheets and single-chain band structures of Nb~2~Se~9~ is attributed to the difference in interactions due to the orientation.

![PDOS of the (a) (010), (b) (100), and (c) (1̅10) plane of Nb~2~Se~9~ in the optimized structures. The zero energies are shifted to the Fermi energies.](ao0c00388_0003){#fig3}

The partial charge densities of the VB and CB are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. In the VBM, niobium d orbitals are dominant and all planes have σ bonds between niobium d orbitals on an octahedron. The niobium d orbitals on different octahedrons do not overlap. However, the (100) plane has more delocalized d orbitals and two σ bonds that are closer than those of the other planes. In the CBM, selenium p orbitals are dominant, whereas niobium d orbitals contribute have little contribution. The (010) plane has a small distribution of selenium p orbitals on one of two octahedrons in a single cell, but the other planes have similar distributions of selenium p orbitals on all octahedrons. The (010) plane also has interchain σ bonds between selenium p orbitals on one of the Se~5~ bridges and one of the selenium octahedrons, but the other planes have no interchain bonds. Therefore, the (010) plane has a more delocalized distribution than the other planes. The (1̅10) plane has a similar charge distribution to the (010) plane for the VB, but it has a similar charge distribution to the (100) plane for the CB. The shortest interchain distances between selenium ions of an octahedron and the bridge are 3.167 (Se13--Se18), 3.591 (Se11--Se10), and 3.594 (Se8--Se9) Å in the (010), (100), and (1̅10) planes, respectively. Although the charge densities in Se11--Se10 pair in the (100) plane and Se8--Se9 pair in the (1̅10) plane have π-bond orientations, their far interion distances make these interactions insignificant \[Se~5~ bridge and octahedron Nb~2~Se~4~ are displayed in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c\]. This means that the interchain interactions between the selenium ions of an octahedron and the bridge are strongest in the (010) plane. Although the (100) and (1̅10) planes have shorter interchain distances 3.258 and 3.259 Å between the selenium ions in the Se~5~ bridges, respectively, the orbital orientation of these two selenium ions is not proper to interact \[[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d,f\]. Additionally, the selenium ions that exhibit minimal charge distribution in the (010) plane are placed at a longer distance from the Se~5~ bridge in another chain. The asymmetric arrangement of selenium atoms between two octahedrons in the (010) plane is due to the different interactions between Se~5~ bridges in another chain. The interchain interactions of the CB in the (010) plane stabilize the energy of the CB and narrow the band gap compared to the other planes. A partial orbital analysis of the CB indicates that the (010) plane has quasi-1D characteristics while the other two planes have true 1D characteristics.

![Partial charge densities of the planes of Nb~2~Se~9~. (a,b) are in the (010) plane, (c,d) are in the (100) plane, and (e,f) are in the (1̅10) plane. (a,c,e) are the VBs, and (b,d,f) are the CBs. Nb~2~Se~4~ octahedron and Se~5~ bridge structures are presented in (c). Dashed lines and numbers show the shortest distance between interchain selenium ions. The arrows left the charge densities represent the lattice vectors. The isosurface values of all charge densities are 0.001 e/(*a*~0~)^3^ (*a*~0~ = Bohr radius).](ao0c00388_0004){#fig4}

Effect of Interchain Distance {#sec2.4}
-----------------------------

We investigate the effect of interchain strain on the band gaps of the 2D Nb~2~Se~9~ sheets in an effort to tune the band gaps of these 2D sheets, especially for the indirect-to-direct band gap transition. We add a relative distance of 10% to the lattice vectors (a value that lies between the separation of chains in the 2D structures) until the difference between a direct band gap and indirect band gap is less than 0.01 eV. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows the differences between the indirect and direct band gaps of 2D sheets with various interchain distances. Here, the (1̅10) plane exhibits a direct band gap with a 10% elongation of the interchain distance. Among the three planes, 10% elongation of the interchain distance is the smallest elongation required to achieve a direct band gap. The (100) plane needs larger elongation to get a direct band gap which is a 50% elongation of the interchain distance. Although the band gap sizes are almost the same as in the original (100) and (1̅10) plane, the response to the elongation is drastically different.

![Change in the energy differences between the indirect and direct band gaps of Nb~2~Se~9~ planes with interchain distance. A relative distance of 100% is the interchain distance from the optimized structures.](ao0c00388_0005){#fig5}

The band structure of the (010) plane with a 30% elongation and the (100) plane with a 50% elongation have the peaks and valleys. Some of the peaks and valleys flipped. Thus, the shape of band structure approaches the band structure of the single chain ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00388/suppl_file/ao0c00388_si_001.pdf)). However, the band structure of the (1̅10) plane with a 10% elongation is still in an intermediate state between the those of the bulk and a single chain. The effective masses of the electrons and holes are defined by the curvature of the CB at the energy minimum and that of the VB at the energy maximum. Therefore, the effective masses of the (010) and (100) planes with the direct band gaps achieve by minimum strain is similar to those of a single chain, but the effective mass of the (1̅10) plane is different. This implies that the 2D sheets that have direct band gaps induced by strain can have different charge mobility characteristics.

The energies of the indirect and direct band gaps in the (010) plane change significantly. However, the energy difference between the indirect and direct band gaps in the original structure is large; thus, a large strain is required to achieve a direct band gap in the plane. The energy difference between the indirect and direct band gaps in the original (100) plane is small. However, the energies of the indirect and direct band gaps in this plane are weakly affected by the strain; thus, a large strain is also needed to achieve a direct band gap in this plane. The plane (1̅10) shows intermediate characteristics between the (010) and (100) planes. Therefore, the energy difference between the indirect and direct band gaps is small, and the energies of the indirect and direct band gaps are greatly affected by the strain. The (1̅10) can thus be modified to achieve a direct band gap with the smallest elongation.

Conclusions {#sec3}
===========

We constructed three distinct highly anisotropic 2D sheets, (010), (100), and (®10) planes, without dangling bonds out of the 1D van der Waals material Nb~2~Se~9~ and calculated their atomic and electronic structures. The (010) plane had an indirect band gap of 0.84 eV, and the (100) and (1̅10) planes had nearly direct band gaps of 1.18 and 1.17 eV, respectively. The differences between the indirect and direct band gaps were about 0.01 eV in these two planes. The band structures of the three planes had intermediate features between those of bulk and single-chain Nb~2~Se~9~. When the same interchain distance was applied for all three planes, they retained their band structural shapes with small changes in band gap energies. The partial charge densities showed that the (100) plane had the most delocalized electron distribution on the VB along the chain length among the three planes. However, the (010) plane exhibited interchain bonding on the CB caused by the close distance between interchain selenium ions in an octahedron and the Se~5~ bridge. Thus, the partial charge of the (100) and (1̅10) planes in Nb~2~Se~9~ was similar to the partial charge of the 1D chain of Nb~2~Se~9~, but that of the (010) plane was different. We were able to obtain quasi-1D characteristics and true 1D characteristics from Nb~2~Se~9~ material by modifying the direction of chain arrangement. Furthermore, we changed the interchain distance of the three Nb~2~Se~9~ planes until a direct band gap appeared. Direct band gaps were observed when the interchain distances increased by 30, 50, and 10% for the (010), (100), and (1̅10) planes, respectively. The band structures of the (010) and (100) planes could be stretched to have a direct band gap similar to that of single-chain Nb~2~Se~9~. However, the stretched (1̅10) plane showed a direct band gap while maintaining the band structure of the 2D Nb~2~Se~9~ sheet. We expect that these 2D Nb~2~Se~9~ sheets can be applied to optoelectronic devices due to their nearly direct band gap. The change in band structures based on the orientation of planes and strain can be used to tune the electronic properties of Nb~2~Se~9~ planes. The indirect-to-direct band gap transition via strain can be applied for mechanical sensors.^[@ref35]^ 2D Nb~2~Se~9~ sheets that are free from dangling bonds can be used to address the problem of scaling down spatial dimensions in semiconductor devices.

Computational Detail {#sec4}
====================

Optimized atomic structures and band structures were obtained using the projected augmented wave method implemented in the Vienna ab-initio simulation package (VASP).^[@ref64]−[@ref68]^ The Perdew--Burke--Ernzerhof (PBE) exchange--correlation function was applied. The shape of the band structure of bulk Nb~2~Se~9~ from HSE06 functional is similar to this from PBE functional ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00388/suppl_file/ao0c00388_si_001.pdf)). We sampled *k*-points centered on Γ points. We used a 10 × 1 × 10 *k*-mesh in the (010) and (1̅10) planes and a 1 × 10 × 10 mesh in the (100) plane for the optimization. Band structures were calculated along the high symmetric path of triclinic symmetry, and each line between high symmetric points are divided into 32 points. The energy cutoff is 520 eV. Tetrahedron smearing with Blöchl correction is used in optimization. Projector-augmented wave pseudopotential is adopted. The self-consistent field convergence criterion was 10^--8^ eV, and the criterion of the electronic structure optimization was that the forces on the atoms were less than 0.01 eV/Å. We tested dispersion correction methods to consider the effect of the van der Waals interactions between the chains and decided to add the DFT-D3 dispersion energy,^[@ref69],[@ref70]^ as in a previous study.^[@ref60]^ A comparison of the dispersion correction methods applied to the Nb~2~Se~9~ bulk structure is given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00388/suppl_file/ao0c00388_si_001.pdf) (Table S1). The spin--orbit coupling does not affect to the shape of the band structures; thus, we did not include this factor ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00388/suppl_file/ao0c00388_si_001.pdf)).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00388](https://pubs.acs.org/doi/10.1021/acsomega.0c00388?goto=supporting-info).Additional band structures, phonon band structures, and analysis of the population of orbitals ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00388/suppl_file/ao0c00388_si_001.pdf))
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